Abstract-An electrical capacitance tomography (ECT) sensor consists of a number of electrodes, which are usually mounted around the external or internal periphery of a circular insulated pipe. Therefore, the diameter of a conventional ECT sensor is fixed. This paper presents a new structure of ECT sensor, which can achieve adjustable inner diameter of the sensor within a certain range, by re-engineering the traditional structure, and therefore the electrode-to-gap ratio (EGR) of the sensor is changed. The relationship between EGR and image quality was studied by simulation. A prototype ECT sensor with variable diameter was fabricated and evaluated with an impedanceanalyzer based ECT system. The experimental results show that the ECT sensor with variable diameter can provide similar reconstructed images to a conventional ECT sensor, when the sensor diameter varies in a certain range, i.e. EGR above 6:1. Therefore, this new structure can enable the ECT sensor to be adapted to the change in diameter of the measured objects.
I. INTRODUCTION

E
LECTRICAL capacitance tomography (ECT) is an imaging technique, which has been developed for industrial applications. The basic principle of ECT is to measure the permittivity change due to different material or different material distribution inside an ECT sensor. An ECT sensor consists of a number of electrodes, typically 8 or 12 electrodes, which are usually mounted around the external or internal periphery of a circular insulated pipe and therefore the diameter of an ECT sensor is usually fixed. ECT is the most mature among different electrical tomography modalities. In the past decade, researchers reported numerous successful cases of applying ECT in various industrial processes, such as the measurement and imaging of multiphase flows in fluidized beds and pneumatic conveyors (Wang et al. 2008 and Liu et al. 2005) . The merits of ECT over other industry tomography techniques are high speed, no-radiation, non-intrusive and noninvasive, easy to use and of low cost (Yang and Liu 1999, In general, research into ECT can be classified to four aspects: (1) sensor design and optimization, (2) hardware system design, (3) development of image reconstruction algorithms and (4) industrial applications. Issues emerging from these aspects have been continuously overcome to obtain improved performance of ECT systems. The design of an ECT sensor is essential for a successful application (Yang 2006 ). Yang and Liu (1999) reported a square ECT sensor. Yang (2010) reviewed the key issues for designing conventional and unconventional ECT sensors, such as square, conical and true 3D sensors for some unique applications. Ren and Yang (2015) reported a miniature two-plate capacitance sensor. reported an ECT/ERT (i.e. electrical resistance tomography) dual-modality sensor based on a conventional ECT sensor. Peng et al. (2005 and 2012) investigated the effects of the length and number of electrodes on the sensitivity distribution and image quality. It was concluded that a 12-electrode ECT sensor with the same electrode length as the diameter of the sensor is appropriate for most applications. Olmos et al. (2007) analyzed the performance of a 12-electrode ECT sensor regarding the size of measurement electrodes, guard electrodes and earthed screen. Cui et al. (2015) validated an ECT sensor with differential configuration, which can reduce the sensing zone of an ECT sensor and improve the signal-to-noise ratio (SNR). Ye et al. (2014) investigated dependency of the image quality on the diameter of an ECT sensor, excitation frequency, excitation voltage and excitation strategy.
Previous publications discussed different sensor structures and their performance for various applications. The structure of an ECT sensor is generally determined by the practical applications, even though the majorities are still traditional, i.e. electrodes are mounted at the periphery of the pipe or vessel. For some special applications, the diameter of the sensors needs to adapt to the change in size of the measured object. For example, when ECT is attempted to image wooden electricity poles, one of the issues is to deal with different diameter of poles. Therefore, an ECT sensor with variable diameter is required. However, little research has been reported about the ECT sensor with variable diameter and its performance. This paper proposes a new structure of ECT sensor, which can achieve adjustable inner diameter of the sensor within a certain range. Both simulation and experiment were conducted to verify the sensor's performance, such as the image quality in different cases with different sensor diameters. 
II. METHOD
A. Measurement Strategy and Structure of Variable Diameter ECT Sensor
As shown in Fig. 1 , a conventional ECT sensor is made up of four parts: (1) an insulating pipe, (2) measurement electrodes, (3) grounded end guards and (4) a grounded outer shield or screen. The grounded end guards and shield are metallic and used to eliminate the interferences of outside noise (Yang 2010) .
Usually, the single-electrode excitation-measurement strategy is adopted to measure capacitance between all possible combinations of electrodes in an ECT sensor. The number of independent measurements is given by N(N−1)/2, where N is the number of electrodes. For example, a typical 12-electrode ECT sensor can give 66 independent capacitance measurements. For a conventional ECT sensor, electrodes are mounted on the outer surface of an insulating pipe, which is enclosed by a metallic shield connected to the ground. Consequently, the sensor diameter is fixed and the width and positions of electrodes are also fixed with a suitable covering ratio, i.e. the electrode-to-gap ratio (EGR) is fixed. Fig. 2 shows a different structure of a 12-electrode ECT sensor from the conventional design. This new design can enable the diameter of the ECT sensor to be adjusted within a certain range. As shown in Fig. 2 (a) , the 12 electrodes of fixed-width are mounted on 24 retractable holders. A pair of holders holds one electrode, with one at the top and another at the bottom. Two plastic rings (the top and bottom rings) supported by standing plastic rods are used to install all the holders and to keep the sensor steady. A screw with a nut is used to connect each holder with one of the plastic rings. The retractable holders are manually adjusted to vary the diameter of the sensing area enclosed by the electrodes, within a certain range. An earthed screen is installed to eliminate the surrounding interference as shown in Fig. 2 (b) . Fig. 2 (b), (c) and (d) illustrate how the sensor diameter varies with the outward movement of the holders. The r1, r2 and r3 on Fig. 2 represent the minimum, medium and maximum radius that can be achieved (r1<r2<r3). It is noted that the arc of the electrodes should adapt to the change in diameter of the measured object as the air gap between the electrodes and the object surface can significantly affect the accuracy of the ECT measurement. This problem can be solved by using a thin copper sheet for each electrode as the soft sheet can fit into the object surface through exerting some pressure on it. In this case, the electrode holders can provide enough pressure to change the arc of the electrodes, and hence the electrodes adhere to the surface of the objects closely. The diameter of the earthed screen can also be adjusted within a certain range to keep a fixed distance between the electrodes and the earthed screen. This is achieved by applying the overlapping structure (to be discussed in Section IV in Fig. 11 (c) ). The earthed screen is made of 24 aluminum plates. Only 12 plates are mounted on the holder, while the other 12 are the inserts to cover the gaps when the diameter is maximum. The individual insert is positioned in between the main plates, with hooks at the top and bottom to hold it. When the holder is adjusted, the main plate and the insert move simultaneously. In this way, there is no leakage, and thus the sensor is always well protected by the earthed screen.
In literatures, 9:1 EGR was usually chosen (i.e. 90% electrode and 10% gap coverage) (Peng et al. 2005 and Ye et al. 2014) . Olmos et al. (2007) suggested that the electrodes should be as broad as possible. This cannot be achieved with this variable diameter sensor due to design difficulties. With electrodes of a fixed width, a larger diameter of the sensor means a larger gap between adjacent electrodes, i.e. a smaller EGR. It is important to evaluate the effect of EGR on ECT imaging due to the change in diameter of the sensor and obtain the working range of EGR to ensure acceptable image quality. The aim of this work is to systematically investigate the relationship between the change in EGR and the sensor's performance in terms of the sensitivity distribution, SNR and fringe effect and image quality, either by simulation or experiment.
B. Image Reconstruction
The inverse problem in ECT is how to generate an image according to capacitance measurements, which is one of the major mathematical and computational difficulties, called image reconstruction (Yang and Peng 2003) . In general, the relationship between the permittivity distribution inside an ECT sensor and the measured inter-electrode capacitance is governed by the following equation:
where ε(x, y) is the permittivity distribution in the sensing field, V is the potential difference between excitation electrode and detection electrode, φ (x, y) is the potential distribution and is the electrode surface. Because equation (1) is too complicated, linear approximation is usually used to solve this forward problem instead. In ECT applications, the perturbation of the permittivity distribution is usually small. The nonlinear relationship between the capacitance and the permittivity distribution can be simplified into a linear approximation. Equation (1) can be rewritten in a normalized form:
where λ is the normalized capacitance vector, S is the sensitivity matrix, and g is the normalized permittivity vector. The measured capacitance is
is the normalised capacitance for electrode pair i − j, C m (i, j) is the measured capacitance for electrode pair i − j, C l (i, j) and C h (i, j) are the capacitances for electrode pair i − j when the sensor is filled with low and high permittivity materials.
For image reconstruction, the sensitivity of electrode pair i − j to the permittivity change in the pixel at position (x, y) with an area of P(x, y), can be defined as:
where E i (x, y) and E j (x, y) are the electric field strength at (x, y) when the i th and j th electrodes are applied voltage V 0 , respectively, for excitation in turn. The sensitivity of a specified electrode pair to the permittivity change in the pixels at different positions in an ECT sensor forms a sensitivity map. All possible sensitivity maps comprise a sensitivity matrix of an ECT sensor, which is used for image reconstruction.
Due to the limited number of independent capacitance measurements, the inverse of the sensitivity matrix S does not exist and there is no analytical solution to the inverse of equation (2) . On the other hand, the inverse problem is ill-posed and ill-conditioned. To solve these issues, different image reconstruction algorithms have been reported. Among many available image reconstruction algorithms, linear back projection (LBP) and Landweber iteration algorithms (Yang and Peng 2003) are the most popular. The LBP algorithm is simple and fast and hence it is widely used for online imaging and measurement. The normalized form of the LBP algorithm can be expressed as:ĝ
whereĝ is the normalized permittivity vector, S T is the transpose of the sensitivity matrix S and is used to approximate the inverse of S, λ is the normalized capacitance vector, and μ λ is the identity vector, i.e.
III. SIMULATION RESULTS AND DISCUSSION
A. Simulation Models for ECT Sensor
Finite element method (FEM) is commonly used to solve the forward problem, i.e. to calculate capacitance from permittivity distribution. FEM can provide noise-free capacitance data to evaluate the sensor design before a real sensor is fabricated. Usually, a 2D model is preferred to a 3D model because a 2D model is simpler and easier to simulate than a 3D model. With a 2D model, the axial direction of the ECT sensor does not need to be considered. The cross section of a 2D ECT sensor model is usually divided into thousands of pixels to represent a permittivity distribution as an image. To evaluate the effect of EGR on the ECT sensor as shown in Fig. 2 , the 2D model as shown in Fig. 1 (b) is used in the simulation. Ten sensor models with different EGRs of 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1 and 10:1, respectively, were built for the study. The number of electrodes is 12. The width of electrodes is 4.7 cm and is fixed in all simulations. But the diameter of the sensor changes from 18 cm to 36 cm. The outer earthed screen is always 1 cm away from the wall of the insulation pipe. To compare the sensor performance, two typical permittivity distributions were used for simulation, as shown in Fig. 3 .
To calibrate an ECT sensor, two materials with different permittivity values are used and in our case, air as the low permittivity material with permittivity of 1.0 and the high permittivity defined to be 3.0. FEM simulation was carried out in COMSOL Multiphysics 4.3 and image reconstruction is implemented in MatLab. A sufficiently fine mesh is achieved by the automated refinement of finite elements in COMSOL Multiphysics to guarantee the convergence and validity of simulation results.
B. Normalized Capacitance
The normalized capacitance plays an essential role in image reconstruction. Fig. 4 shows the first 11 capacitance values after normalization of a whole measurement frame for the ECT sensor models with different EGR. With the single bar distribution, the normalized capacitance is fairly close to each other for EGR above 5:1. The normalized capacitance for the opposite electrode pair (identified by the measurement number 6) decreases obviously when EGR changes from 6:1 to 1:1. In Fig. 4 (b) , the normalized capacitance is not significantly reduced compared with Fig. 4 (a) when the EGR changes. It is noted that the highest values decreases when EGR decreases from 6:1 to 1:1.
C. Sensitivity Analysis
The sensitivity distribution of an ECT sensor is also essential for image reconstruction. To investigate the effect of EGR on image quality, the sensitivity distributions, as defined by equation 4, for the opposite electrode pairs are compared for the 10 ECT sensor models, as shown in Fig. 5 . An obvious decrease in the effective sensing area is observed when EGR decreases from 5:1 to 1:1. On the other hand, the sensitivity near the central region is smaller when EGR is below 5:1. It is interesting that the sensitivity distributions are similar when EGR is larger than 6:1. Fig. 6 shows the change in the mean sensitivity, which is obtained by calculating averaged sensitivity of each pixel (4096 in this case) due to different electrode pairs. It can be seen that the mean sensitivity in the central region increases with an increase in EGR. When EGR is larger than 6:1, however, no significant difference is observed.
To further investigate the effect of EGR on the sensitivity distribution, singular values are considered. As shown in Fig. 7 , the singular values are determined by the number of the independent measurements. Moreover, the magnitudes of the singular values decreased slightly as EGR decreases from 10:1 to 1:1. More specifically, the magnitude of singular values does not decrease obviously for EGR between 10:1 and 6:1. This means that the stabilities of sensitivity matrixes are not affected if EGR is larger than 6:1. It can be concluded that the influence of EGR on the sensitivity distribution is minimized when EGR is larger than 6:1.
D. Fringe Effect
Up to now, few literatures reported the fringe effect of an ECT sensor due to the influence of the electrode width. It is commonly believed that the fringe effect is only related to the length of the electrodes when the gap between two adjacent electrodes is small (Sun et al. 2013) . In that case, a more uniform electrical field can be obtained when the sensor have longer electrodes. Compared with a conventional sensor, the increased gap, caused by the varied sensor diameter, will lead to more electric field lines spreading outside the ECT sensor both axially and radially. Consequently, the electrical field becomes more non-uniform axially, i.e. the fringe effect will become serious when the EGR decreases. reported how to quantify the fringe effect for ECT sensors with varied electrode length and with the measured object at different axial position. The average normalized capacitance simulated with 3D sensor models and the corresponding 2D simulation results are used for the quantification. For a distribution with dielectric objects to be imaged, the fringe effect is defined by:
where C 2D and C 3D are the corresponding averaged capacitance after normalization of a whole measurement frame for the dielectric distribution.
To evaluate the fringe effect with different EGR, simulation was carried out with the 3D sensor models as shown in Fig. 8 . Five sensor models with an EGR of 10:1, 9:1, 6:1, 3:1 and 1:1, respectively, are chosen for the evaluation based on previous 2D simulation results. Some common parameters of these sensor models are listed as follows:
• Number of electrodes: 12 Note that the ratio between the diameters of the sensor and the bar is fixed to be 3:1 for all sensor models both in 2D and 3D. Fig. 8 (a) and (b) show a symmetric and a non-symmetric permittivity distribution, respectively, for the simulation. The permittivity values of the materials, both low and high, remain the same as in previous 2D simulation.
In Fig. 9 , the calculated fringe effect, according to the Equation (6) , is shown for the two typical distributions. It indicates that the fringe effect decreases with the increase in EGR of the sensor. The change rate of the fringe effect is larger when EGR is below 6:1. When EGR is above 6:1, the fringe effect will change slower with the variation of EGR, as shown in Fig. 9 (b) , although a slight decrease can still be observed when EGR decreases from 9:1 to 6:1. Compared the change pattern of fringe effect with the symmetric permittivity distribution with that of the non-symmetric permittivity distribution, it is found that the change pattern of the fringe effect with the variation in EGR is affected by the cross-sectional position of the object, e.g. the closer the object' position is to the edge of the sensor (i.e. the electrodes), the faster the fringe effect will change with the variation in EGR. It is also noted that for the same EGR, the fringe effect would decrease if the object moves from the center to the edge of the sensor. This phenomenon is possibly due to the fact that the object can draw more electrical lines to its counterpart inside the sensor when it is closer to the electrodes. This results in less electric lines spreading out the sensor (Sun et al.2013) .
It is concluded that with fixed electrode length the fringe effect can be neglected if EGR of the sensor is above 6:1. This finding will be verified by experiment in the next section. Based on the conclusions drawn by Sun et al. (2013) and the simulation results of this subsection, it can be concluded that the fringe effect of an ECT sensor is influenced by the surface area, i.e. both the length and width, of the electrodes.
E. Reconstructed Images
With the simulated capacitance measurements in the last subsection, the corresponding images of the distributions are reconstructed using LBP and the sensitivity maps generated using the corresponding 2D sensor models, as shown in Fig. 10 . It can be seen that the accuracy of reconstructed images decreases obviously when EGR decreases from 10:1 to 1:1 for both permittivity distributions. This means that a larger EGR can give a higher image quality. This is consistent with the conclusion by Olmos et al. (2007) . However, the improvement on the image quality is limited if EGR is above 6:1 (using LBP). The reconstructed images have no obvious difference regarding the profile of the images and image contrast when the electrode covering ratio is larger than 83.3% (i.e. with EGR of 6:1). Moreover, in Fig. 10 , the image contrast and spatial resolution decreases significantly when EGR approaches to 1:1.
The phenomenon shown in the reconstructed images coincides well with the previous analysis about the normalized capacitance, sensitivity maps and fringe effect with different EGR. The reconstruction results with LBP in Fig. 10 can also be partially confirmed by the simulation results in Fig. 4 . As the influence of the EGR is weak when it is above 6:1, the nonlinear errors of the reconstruction algorithms are more prominent in this case, which may be resolved with more advanced algorithms like iteration methods. It can be concluded that if the sensor diameter is adjusted within this specified range, i.e. the EGR is above the 6:1, reasonable results can be obtained.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Experiment Setup
To validate the proposed design of the sensor and findings from the simulation, a prototype sensor of variable diameter and an impedance-analyzer-based ECT system are employed for the acquisition of capacitance data in experiment. The details of the ECT system can be found in Hu et al. (2008) . The experimental set-up is shown in Fig. 11 (a) . With this ECT system, single-electrode excitation protocol is adopted by applying an AC voltage of 1.1 V with 1 MHz excitation frequency. As shown in Fig. 11 (b) , the 12-electrode ECT sensor of variable diameter is fabricated according to the structure as shown in Fig. 2 . The diameter of the sensor can change from 20 cm to 33 cm. The range of EGR decreases from 10:1 to 1:1 as in the previous simulation. For this practical sensor, the range of EGR is related to the number and width of the electrodes and the variation in diameter, which is limited by the sensor structure. For example, the 12 electrodes with a width of 4.7 cm and the variation in diameter from 20 cm to 33 cm would give the EGR range changing from 9:1 to 1.2:1 in this case. To deal with the diameter variation of the earthed shield, a partially overlapping structure is adopted as shown in Fig. 11 (c) . Some main parameters of the sensor are listed as follows.
• Electrode size: 15 cm×4. SNR is commonly used to evaluate the noise performance of an ECT system including the sensor. For an ECT system, the SNR can be expressed as (Hu and Yang, 2006) SNR = 20log 10 Signal Noise = 20log 10
where N F is the number of measurement frames, C M is the measured capacitance from an electrode pair andC M is the average of C M over the measurement frames.
SNR is calculated using the capacitance data when the sensor is empty. Since the same data acquisition system is used, the comparison of SNR with the sensor diameter varied can reflect the effect of EGR. To obtain a reliable SNR, 50 frames of capacitance data are acquired. Fig. 12 shows that SNR decreases obviously when EGR changes from 9:1 to 1.2:1, i.e. the diameter of the sensor changes from the minimum to the maximum, because an increase in the sensor diameter will cause decrease in the measured capacitance between each electrode pair due to the fringe effect. As a result, the system is easier to suffer from the environmental noise with the increase in the sensor diameter. However, if the sensor diameter is longer than the electrode length, the change in SNR would be nonlinear. As shown in Fig. 12 , SNR with EGR of 2:1 is slightly bigger than that with EGR of 3:1. For the opposite electrode pair, the capacitance is smaller than those between adjacent electrode pairs, resulting in smaller SNR. On the other side, SNR decreases faster with the decrease in EGR for the adjacent electrode pairs than the opposite electrode pairs. From the average values of SNR over all electrode pairs, it can be found that the loss of SNR with the variation in EGR is not as huge as for the adjacent electrode pairs, and it only decreases from 54 dB to about 49 dB. This may indicate that the image quality is not deteriorated too much with the decrease in EGR due to the influences of noise.
The dynamic range of capacitance measurement for an ECT sensor is defined as (Yang et al. 2016) :
where C max and C min is the maximum and minimum capacitance among all independent measurements, e.g. 66 independent measurements in this case, respectively. The dynamic range usually reflects the bandwidth the capacitance measurement circuit of an ECT system needs to provide (Yang et al. 2016) . A large dynamic range will challenge the circuit design of the ECT data acquisition system when the resolution of capacitance measurement needs to be sufficiently small as required by ECT imaging. Table 1 indicates that the dynamic range of the sensor becomes smaller when the diameter of the sensing area increases. Therefore, the decrease in EGR will be beneficial to the circuit design of the ECT data acquisition system, but the quality of reconstructed images also decreases as discussed previously. It is noted that this change is not as significant as the change in EGR. Fig. 13 shows the reconstructed images of three permittivity phantoms, i.e. an object at the center, an object adjacent to the electrodes and an annular air flow surrounded by high permittivity material. Plastic beads were used as the high permittivity material for calibration. Sand was enclosed in plastic tubes of variable diameter and 21 cm in length, which were employed as the objects (i.e. rods). For the comparison purpose, the diameter of the sensor is adjusted according to the corresponding EGR in the simulation. The images are reconstructed using LBP, and the sensitivity maps are obtained as detailed in the simulation part. In Fig. 13 , it can be found that for all three test phantoms, the quality and spatial resolution of the images and decreases when the sensor diameter changes from the minimum to the maximum. For the object at the center, the experimental results coincide well with the simulation results. Especially, the spatial resolution decreases significantly when EGR is blow 6:1. The same phenomenon was observed in terms of the object at the edge. It is also noted that the contrast between the object and the image background in this case is better than the object at the center. This phenomenon results from the high sensitivity near the electrodes. For the annual air flow, the same conclusion can be drawn even though the deterioration of image resolution is not as obvious as for the other two distributions. In brief, the experimental results confirm the previous simulation results.
The normalized capacitance is shown in Fig. 14 for an object at center and edge of the sensor with air as background material. Based on the normalized capacitance and corresponding 2D simulation results, the fringe effect with different EGR is calculated and shown in Fig. 15 . It indicates that the fringe effect decreases when the sensor diameter is adjusted from 33 cm to 20 cm, i.e. EGR increases from 1.2:1 to 9:1. The experimental results are consistent with the simulation results, i.e. the fringe effect will change faster if EGR is below 6:1. If EGR of the ECT sensor is above 6:1, the fringe effect of the ECT sensor will be mainly influenced by the length of the electrodes. The difference between the simulation and experiment data may result from the surrounding noise in experiment as the simulation environment is noise-free. Furthermore, the modified length of the earthed screen because of the structure of the ECT sensor will also cause the difference between experiment and simulation. On the other hand, the high permittivity material used for calibration in experiment has lower permittivity than that in simulation.
V. CONCLUSIONS
This paper presents a new structure of ECT sensor with variable diameter, resulting in changing EGR due to the fixed electrode size. The objective of this study was to evaluate the sensor performance especially when the sensor diameter becomes sufficiently large. Quantitative analysis of the variable-diameter ECT sensor was made for the first time. The influence of the variation in diameter on image quality was discussed based on simulation, and the drawn conclusions based on the simulation were then verified by experiment with a real ECT sensor of variable diameter.
The objective of numerical simulation of the variablediameter sensor is to investigate the relationship between EGR and the sensor performance. By simulation, different EGR, decreasing from 10:1 to 1:1, was evaluated to illustrate its effect on normalized capacitance, sensitivity distribution fringe effect and image quality. The simulation results show that the decrease in EGR of an ECT sensor causes the deterioration in the quality of the reconstructed images, while there is a certain range of EGR that the improvement on the image quality is limited. The sensitivity distribution, normalized capacitance, fringe effect and reconstructed images of a certain distribution are similar to each other when EGR is above 6:1. With a smaller EGR, the contrast and spatial resolution of reconstructed images become lower. It is concluded that the diameter of the ECT sensor can be varied within a certain range while reasonable reconstruction results could be obtained, when EGR is above 6:1.
A 12-electrode ECT sensor with variable diameter (i.e. varied from 20 cm to 34 cm) was fabricated. The experimental results show that the SNR and dynamic range of the sensor do not change significantly with the change in diameter. Three distributions were tested to evaluate the performance of the sensor. The phenomenon found from the experiment is consistent with that from the simulation. The relationship between the fringe effect and EGR of the sensor was also verified by the experimental results. It is concluded that the fringe effect of the ECT sensor is related to the surface area of the electrodes. Without concerning the length of the electrodes, it is recommended that ECR of an ECT sensor needs to be above 6:1 for minimized fringe effect.
In summary, the ECT sensor with a variable diameter can provide similar performance when its EGR is above 6:1, and satisfactory images can be reconstructed when the sensor diameter varies in a certain range. This new ECT sensor will extend the applications of ECT imaging, and can be adapted to the change in diameter of the measured objects.
Further investigation on the optimization of this ECT sensor will focus on improving the image quality with as small EGR as possible to enlarge the changing range of the sensor diameter. For example, it is possible to use more electrodes and apply the multi-electrodes excitation strategy to obtain improved SNR with more independent capacitance measurements, which may compensate for the deterioration in image quality due to a small EGR.
